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Theregulationof lipidhomeostasisby insulin ismediated inpart
by theenhancedtranscriptionof thegeneencodingSREBP-1c (ste-
rol regulatory element-binding protein-1c). Nascent SREBP-1c is
synthesized and embedded in the endoplasmic reticulum (ER) and
must be transported to the Golgi in coatomer protein II (COPII)
vesicleswhere twosequential cleavages generate the transcription-
ally active NH2-terminal fragment, nSREBP-1c. There is limited
indirect evidence to suggest that insulinmayalso regulate thepost-
translational processing of the nascent SREBP-1c protein. There-
fore, we designed experiments to directly assess the action of
insulin on the post-translational processing of epitope-tagged full-
length SREBP-1c and SREBP-2 proteins expressed in cultured
hepatocytes. We demonstrate that insulin treatment led to
enhanced post-translational processing of SREBP-1c, which was
associated with phosphorylation of ER-bound nascent SREBP-1c
protein that increased affinity of the SREBP-1c cleavage-activating
protein (SCAP)-SREBP-1c complex for the Sec23/24 proteins of
the COPII vesicles. Furthermore, chemical and molecular inhibi-
tors of the phosphoinositide 3-kinase pathway and its downstream
kinase protein kinase B (PKB)/Akt prevented both insulin-medi-
ated phosphorylation of nascent SREBP-1c protein and its post-
translational processing. Insulin hadno effect on the proteolysis of
nascent SREBP-2 under identical conditions.We also show that in
vitro incubation of an active PKB/Akt enzyme with recombinant
full-length SREBP-1c led to its phosphorylation. Thus, insulin
selectively stimulates the processing of SREBP-1c in rat hepato-
cytes by enhancing the association between the SCAP-SREBP-1c
complexandCOPIIproteinsandsubsequentERtoGolgi transport
and proteolytic cleavage. This effect of insulin is tightly linked to
phosphoinositide 3-kinase and PKB/Akt-dependent serine phos-
phorylation of the precursor SREBP-1c protein.

Sterol regulatory element-binding proteins (SREBPs)3 are
transcription factors that regulate expression of genes control-
ling cholesterol homeostasis and de novo fatty acid synthesis
(1–7). SREBP-1a and SREBP-1c, which differ only in their first
exon, are derived from a single gene through the use of alterna-
tive promoters, whereas SREBP-2 is encoded by a separate gene
(8). Although there is clearly some functional overlap among
the three SREBP isoforms (5), these proteins regulate different
metabolic pathways. SREBP-1c preferentially affects transcrip-
tion of genes that regulate de novo lipid synthesis, whereas
SREBP-2 regulates genes involved in cholesterol biosynthesis
and metabolism. The SREBP-1a isoform transactivates both
lipogenic and cholesterogenic genes (9). In addition, the three
SREBP isoforms exhibit differential tissue-specific expression.
In replicating tumor cell lines, SREBP-1a constitutes greater
than 90% of the SREBP-1 pool; conversely, SREBP-1c is the
predominant isoform in liver and adipose tissue (9). Increased
hepatic levels of nuclear SREBP-1c are thought to mediate the
development of hyperlipidemia in type II diabetes and hyperin-
sulinemia (10–12).Nutritional and hormonal factors have been
shown to regulate expression of SREBP-1c and its downstream
regulatory targets (10, 13–15). Insulin induces the expression of
SREBP-1c mRNA and nascent precursor protein (10, 16, 17).
Glucagon opposes this effect of insulin via its secondmessenger
cAMP (18). Newly synthesized SREBPs contain two trans-
membrane domains that are embedded in the endoplasmic
reticulum (ER) with the NH2- and COOH-terminal se-
quences exposed to the cytoplasm. Following transport from
ER to Golgi, the transcriptionally active NH2-terminal seg-
ments of SREBPs are liberated by two successive cleavages; the
first cleavage in the loop extending into the vesicular lumen is
carried out by site 1 protease (S1P), and the second cleavage is
executed within the NH2-proximal transmembrane domain by
site 2 protease (S2P).
Regulation of post-translational proteolysis has been studied

most extensively in the case of SREBP-2 and SREBP-1a, both of
which are regulated primarily by sterols. Within the ER, the
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COOH-terminal domains of SREBPs are associated with the
integral membrane protein SREBP cleavage-activating protein
(SCAP) (1, 4). SCAP contains a sterol-sensing domain similar to
that in hydroxymethylglutaryl-CoA reductase. In cholesterol-
replete cells, SCAP is associated within the ER with the ER
retention proteins Insig (insulin-induced gene)-1 or Insig-2
(19). In the absence of cholesterol, SCAP undergoes a confor-
mational change, dissociates from Insig (20), and becomes asso-
ciated with the Sec23 and Sec24 components of a newly bud-
ding COPII-coated vesicle (21). The SCAP and SREBP are
incorporated intoCOPII-coated vesicles and transported to the
Golgi where SREBP is cleaved to release the transcriptionally
active NH2-terminal fragment (5, 22).
Insulin is a potent inducer ofde novo lipogenesis, and it iswell

known that insulin elevates the expression of SREBP-1cmRNA
and protein. However, it is not known whether, in addition to
transcriptional up-regulation, insulin also increases the proteo-
lytic processing of SREBP-1c to specifically increase the rate of
generation of the mature, transcriptionally active nSREBP-1c.
The observation of rapid induction of nSREBP-1c by insulin in
hepatocytes treated with the liver X receptor activator
TO901317 in the studies of Hegarty et al. (23) was interpreted
as reflecting enhanced proteolysis of the precursor SREBP-1c.
Because rigorous measurements of the rates of translation, sta-
bility, and proteasomal degradation of the precursor SREBP-1c
and nSREBP-1c were not made in these studies, these data may
be subject to additional interpretation. To directly determine
the effect of insulin to promote proteolytic processing of
SREBP-1c independent of effects on production of endogenous
nascent SREBP-1c, we examined the rate of generation of the
transcriptionally active NH2-terminal fragment of SREBP-1c
(nSREBP-1c) from an epitope-tagged nascent SREBP-1c whose
transcription was driven by a cytomegalovirus (CMV) pro-
moter. These studies were conducted in the presence of the
proteasomal inhibitor ALLN to assess generation of the active
NH2-terminal fragment of SREBP-1c independent of changes
in rates of degradation.We demonstrate that insulin selectively
stimulated processing of constitutively expressed SREBP-1c
but not SREBP-2. We show further that insulin promoted the
association of the SCAP-SREBP1c complexwith theCOPII ves-
icle proteins Sec23/Sec24 in rat hepatocytes and that this proc-
ess is tightly linked to phosphoinositide 3-kinase (PI3K) and
Akt/PKB-dependent phosphorylation of nascent SREBP-1c.

MATERIALS AND METHODS

Reagents—Insulin, aprotinin, acetylleucyl-leucyl-norleucinal
(ALLN), dithiothreitol, leupeptin, sodium orthovanadate,
sodium deoxycholate, phenylmethylsulfonyl fluoride, compac-
tin, hydroxypropyl-�-cyclodextrin, and Hepes were purchased
from Sigma. LY294002 and wortmannin were obtained from
Calbiochem. Akt inhibitor II (SH-5) and Akt inhibitor III
(SH-6) were procured from Invitrogen. [32P]Orthophosphoric
acid (8500 Ci/mM) and [�-32P]ATP (6000 Ci/mM) were pur-
chased from PerkinElmer Life Sciences. Dominant negative
(pdelta p85), constitutively active (p110) subunits of PI3K, His-
GSK3�/pET29B and His-GSK3� (S9A)/pET29B were pur-
chased from Addgene Inc. (Cambridge, MA).

Preparation of Recombinant Adenovirus Expressing SREBPs—
Ad-HisSREBP-1cFLAGencodes rat full-length SREBP-1c, con-
taining six tandem copies of His epitope tag at the NH2 termi-
nus and 3� FLAG tag at the COOH terminus under the control
of CMV promoter. To generate this adenovirus, the full-length
rat hepatocyte SREBP-1c cDNAwas amplified by PCR (forward
primer, 5�-cgtgtcgacatggattgcacatttgaag containing an engi-
neered SalI restriction site, and reverse primer, 5�-gcaaagcttc-
tatgactgttggcgccg containing an engineered HindIII restriction
site). The PCR product was digested with SalI and HindIII and
ligated into pShuttle-CMV vector (Stratagene; La Jolla, CA)
between the SalI and HindIII sites. Then a fragment encoding a
BglII site, six tandemcopies of theHis epitope tag, and a SalI site
were introduced between the BglII and SalI sites of the created
plasmid. Then a fragment encoding an HindIII site, 3� FLAG
tag, a stop codon (TGA), and an EcoRV site were introduced
between the HindIII and EcoRV sites of the newly created plas-
mid. The resulting plasmid (pShuttle-CMV-SREBP-1c)was lin-
earized with PmeI and transformed into Escherichia coli
BJ5183-AD-1. Recombinant adenovirus plasmid was digested
with PacI and used to transfect AD-293 cells to prepare adeno-
virus vector stock expressing histidine and FLAG-tagged
SREBP-1c (Ad-HisSREBP-1cFLAG).
Ad-HisSREBP-2 was created as follows. The cDNA insert

from pTK-SREBP-2 (ATCC) containing the full coding se-
quence of human SREBP-2 was inserted into the pShuttle-
CMV vector described above in place of the full-length
SREBP-1c fragment. The resulting plasmid was linearized with
PmeI and transformed into E. coli BJ5183-AD-1. Recombinant
Ad plasmid was digested with PacI and used to transfect
AD-293 cells to prepare vector designed to express histidine-
tagged SREBP-2 adenovirus stock (Ad-HisSREBP-2). Recombi-
nant Ad-HisSREBP-1cFLAG, Ad-HisSREBP-2, and control
Ad-LacZ viruses were propagated in HEK-293 cells and puri-
fied by CsCl density gradient centrifugation. Recombinant
SREBP and control adenovirus stocks were stored in PBS con-
taining 10% glycerol at �80 °C until use. Hepatocytes were
infected at 10–30 multiplicities of infection for 16–24 h.
Expression and Purification of GST-Sar1a and GST-SREBP-1c

Recombinant Proteins—Bacterial expression plasmid of GST-
Sar1a was constructed by inserting cDNA encoding human
Sar1a (OriGene Technologies, Inc., Rockville, MD) into pGEX-
4T-2 (GE Healthcare). SREBP-1c was subcloned from the
above-described pShuttle-CMV-SREBP-1c into pGEX-4T-2.
Recombinant glutathione S-transferase (GST)-Sar1a and GST-
SREBP-1c proteins were expressed in E. coli and purified by
using glutathione agarose (GE Healthcare) according to the
manufacturer’s protocols.
Primary Hepatocyte Culture—Hepatocytes were obtained

from livers of male Sprague-Dawley rats (Harlan Laboratories,
Indianapolis, IN) by collagenase perfusion as described pre-
viously (24). Cells were suspended in Dulbecco’s modified
Eagle’s medium (Invitrogen) containing 5% fetal bovine
serum (Sigma), 10 mM glucose, 1 �M dexamethasone, and 100
nM insulin. Each 60-mm culture dish, coated with rat tail colla-
gen (Collaborative Biochemical Products, Bedford, MA), was
seeded with 3 � 106 cells; after 4 h, nonadherent cells were
removed, and adherent cells were infected with Ad-HisSREBP-
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1cFLAG, Ad-HisSREBP-2, or Ad-LacZ-viruses at 10–30 mul-
tiplicities of infection for 12–18 h in Dulbecco’s modified
Eagle’s medium without serum or hormones and subse-
quently treated with insulin (100 nM) and dibutyryl cyclic
AMP (100 �M).
Preparation of Total Cell Extracts andNuclear Extracts—Rat

hepatocytes orMcA-RH7777 rat hepatoma cells (catalog num-
ber CRL-1601, ATCC, Manassas, VA) were homogenized in
cell lysis buffer (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) containing protease and phosphatase inhibitors and then
centrifuged at 10,000 � g for 10 min at 4 °C to obtain superna-
tant for use as total cell extracts.Nuclear extractswere prepared
by a modification of a published procedure (25). In brief, hepa-
tocytes from five 60-mm plates were washed twice with PBS
and collected by centrifugation at 1,000 � g for 5 min. Pelleted
cells were then suspended by passing through a 25-gauge nee-
dle 10 times in 1ml of lysis buffer (20mMHepes, pH 7.9, 10mM
NaCl, 1.5 mMMgCl2, 0.2 mM EDTA, 1 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride, 0.5%Nonidet P40) and protease inhib-
itor mixture (Sigma), and the cell suspension was kept for 10
min on ice. Nuclei were pelleted by centrifugation (500 � g) for
10 min at 4 °C and washed once in the lysis buffer. The pelleted
nuclei were resuspended in a hypertonic buffer (20 mM Hepes,
pH 7.9, 0.42 MNaCl, 1.5mMMgCl2, 2.5% glycerol, 1mM EDTA,
1 mM EGTA, 1 mM DTT, 25 �g/ml ALLN, and protease inhib-
itor mixture), incubated for 30 min at 4 °C, and centrifuged at
25,000 � g for 30 min at 4 °C; the supernatant containing
nuclear proteins was collected.
Preparation of Microsomal Membranes—Microsomal mem-

branes were prepared as described (26) with minor modifica-
tions. Briefly, hepatocytes were washed three times with ice-
cold PBS. The cells were scraped off the dish with a rubber
policeman into 10mMHepes-KOH, pH7.2, 250mM sorbitol, 10
mMKOAc, 1.5mMMg(OAc)2 plus protease inhibitors and then
broken with 20 passes through a 22-gauge syringe. The broken
cells were pelleted at 500 � g for 10 min at 4 °C and the super-
natant recentrifuged at 16,000� g for 20min at 4 °C. The pellet
containing ER andpre-Golgi andGolgimembraneswaswashed
with 2.5 M urea in 10mMHepes, pH 7.2, 250mM sorbitol, 10mM
KOAc, 1.5mMMg(OAc)2 plus protease inhibitors for 30min on
ice and then centrifuged at 16,000 � g for 20 min at 4 °C. The
membranes were resuspended in 20mMHepes, pH 7.2, 250mM
sorbitol, 50 mM KOAc, 1 mM Mg(OAc)2 plus protease inhibi-
tors and used in the binding assays.
Purification of the Sec23-24 Complex from Rat Liver Cytosol—

Sec23/24 proteins were isolated and purified by a modification
of a procedure described previously (27). Briefly, rat livers were
homogenized in a buffer containing 20 mM Hepes-KOH, pH
7.2, 150mMKOAc, 250mM sorbitol, 1mMDTT, 1mMEGTA, 1
mM EDTA, 1 mM phenylmethylsulfonyl fluoride (buffer A) at
4 °C. The homogenate was centrifuged at 1,000 � g for 10 min,
and the supernatant obtained was recentrifuged at 12,500 � g
for 20 min. The supernatant was collected and further centri-
fuged at 186,000 � g for 1 h. The final supernatant, designated
as cytosol, was concentrated in Amicon filter YM10 (Amicon,
Beverly, MA). The concentrated cytosol was loaded onto a gel
filtration column (Sephacryl S-300; GE Healthcare) previously
equilibratedwith buffer B (bufferAplus protease inhibitormix-

ture). The column was eluted at 0.4 ml/min, and the immuno-
reactive fractions were pooled, concentrated by centrifugation
in Amicon Filter-YM10, and loaded onto an anion exchange
column (5-ml Econo column, Bio-Rad). The columnwas eluted
with buffer B with a nonlinear salt gradient from 0.15 to 1 M
KOAc at a flow rate of 1ml/min. The immunoreactive fractions
were pooled, dialyzed against buffer B, and concentrated on an
AmiconYM10membrane. The concentrated Sec23/24 fraction
was used in the binding assays. For Akt/PKB immunodepletion
studies, 100 �l of cytosol (1 mg of protein) isolated from pri-
mary hepatocytes was incubated with 20 �l of a 1:1 slurry of
immobilized Akt-Sepharose beads (Cell Signaling Technology,
Beverly, MA) for 3 h at 4 °C. The antibody-protein complexes
were isolated by centrifugation, and immunodepletion of Akt
from the cytosol was confirmed by immunoblot analysis. Akt-
depleted cytosol was used in the GST pulldown assays.
GSTPulldownAssay—GSTpulldown experiments were per-

formed as described (21, 28). Microsomal membranes (120–
160 �g of protein) prepared as described above were incubated
with 10 �g of GST-Sar1 and 10 �g of Sec23/24 complex in a
reaction mixture containing 20 mM Hepes, pH 7.2, 250 mM
sorbitol, 1 mM Mg(OAc)2, 50 mM KOAc, 5 mM EGTA, 0.1 mM
GMP-PNP, and ATP-regenerating system. Reactions were
incubated at 30 °C for 10–30 min. The binding reaction was
terminated by transferring the samples to ice and then centri-
fuging at 20,000 � g for 10 min at 4 °C to obtain rapidly sedi-
menting pellet. Pellets were solubilized in 50 mM Hepes-KOH,
pH 7.2, 2.5 mg/ml bovine serum albumin, 150 mM KCl, and 1
mM MgCl2 containing 0.5% digitonin. Insoluble material was
removed by centrifugation (4 °C, 20,000 � g for 5 min), and the
supernatant was diluted and incubated with glutathione-
Sepharose beads for 30min at 4 °C to pull downGST-Sar1. The
beads were pelleted by centrifugation, and the supernatant
(unbound) wasmixedwith 5� SDS loading buffer and analyzed
by immunoblotting. The beads were washed, and bound mate-
rial was solubilized and denatured in 2� SDS loading buffer for
5 min at 95 °C. Samples were separated by SDS-PAGE and
immunoblotted with antibodies for GST (Sar1), Sec23, SCAP,
or His (full-length SREBP-1c or SREBP-2). For phosphatase
treatment assays,microsomalmembraneswere pretreatedwith
alkaline phosphatase (0.4 IU) from calf intestine (Roche
Applied Science) for 30 min at 37 °C. The phosphatase reac-
tions were stopped by adding 0.01 volumes of 200 mM EGTA
and incubating for 5 min on ice.
SDS-PAGE and Immunoblot Analysis—Protein concentra-

tions of total cell extracts and nuclear extracts were measured
with a BCA kit (Pierce), and equal amounts of protein were
subjected to SDS-PAGE. Proteins were transferred to nitrocel-
lulose membranes (Amersham Biosciences), and immunoblot
analysis was carried out with ECL plusWestern blotting detec-
tion kit (Amersham Biosciences) according to the manufactur-
er’s instructions. Images were captured with a Phosphor-
Imager (Bio-Rad) and were quantified with the National
Institutes of Health ImageJ software. The following primary
antibodies were used: anti-FLAG (F3040), and anti-phos-
phoserine (P3430) were from Sigma; anti-His (SC-8036),
anti-SREBP1 (SC-13551), anti-SCAP (SC-9675), anti-Sec23
(SC-12107), anti-histone H1 (SC-8030), anti-�-actin (SC-1616),
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anti-Akt (SC-5298), and anti-GST (SC-138) were from Santa
Cruz Biotechnology; and anti-phospho-GSK-3� (9336) and
GSK-3� (9315) were from Cell Signaling Technology.
Immunoprecipitation—After appropriate treatments, hepa-

tocytes were rinsed with cold PBS and lysed in 400 �l of lysis
buffer (PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 100 �g/ml phenylmethylsulfonyl fluoride, 100 �g/ml
aprotinin, 1�g/ml leupeptin, and 1mM sodium orthovanadate)
on ice for 20 min. The cell extracts were scraped into 1.5-ml
Eppendorf tubes and cleared by centrifugation at 12,500� g for
20min at 4 °C. Extracts containing 500 �g of protein from con-
trol and treated hepatocytes were immunoprecipitated with 2
�g of either anti-SREBP1 or anti-SCAP antibodies overnight at
4 °C. The immunoprecipitated proteins were collected by incu-
bation with 40 �l of 50% (w/v) protein A/G-Sepharose beads,
followed by serial washings with lysis buffer and PBS. The A/G-
Sepharose beads containing immunocomplexed protein were
suspended in 40 �l of the Laemmli sample buffer, heated for 10
min in boiling water, resolved by SDS-PAGE, and subjected to
Western blot analysis.

32P Labeling of Proteins and Autoradiography—Following
infection with Ad-HisSREBP-1cFLAG for 24 h, hepatocytes
were preincubated for 2 h at 37 °C in 2 ml of phosphate-free
Dulbecco’s modified Eagle’s medium (Sigma) containing 0.5
mCi/ml [32P]orthophosphate (PerkinElmer Life Sciences)
before incubation in the absence or presence of insulin for 1 h at
37 °C. 32P-Labeled SREBP-1c was immunoprecipitated (500 �g
of extracts of hepatocyte protein) (see above). Immunoprecipi-
tated proteins were fractionated on 7.5% SDS-PAGE and elec-
trotransferred to a polyvinylidene difluoride membrane to
reduce the background in autoradiograms. Membranes were
dried, and autoradiography was performed at�80 °C 4–6 days
with Hyperfilm-MP (Amersham Biosciences). The autoradio-
graphs were quantified as described above, and results were
expressed as percentage � S.E. change in the optical density of
bands before and after insulin treatment.
Phosphoamino Acid Analysis—Briefly, the 32P-labeled SREBP-1c

was immunoprecipitated from insulin-treated hepatocytes and
subjected to SDS-PAGE as described above. The SREBP-1c was
electrotransferred to a polyvinylidene difluoride membrane.
The band corresponding to 32P-labeled SREBP-1c was excised
and subjected to acid hydrolysis for 90 min in 5.7 N HCl at
110 °C, and the samples were concentrated to dryness in a
SpeedVac. The samples from acid hydrolysis were dissolved in
10 �l of pH 1.9 buffer (88% formic acid:acetic acid:water,
50:156:1794) containing 3 �g each of phosphoamino acid
standards (phosphothreonine, phosphoserine, and phosphoty-
rosine). The samples deposited on 20 � 20-cm cellulose thin
layer chromatography plates (EM Science) were subjected to
ascending chromatography in butanol:acetic acid:ethanol:wa-
ter (1:1:1:1). Standard phosphoamino acids were located by
spraying 0.2% ninhydrin in acetone. The [32P]phosphoamino
acids from SREBP-1c were located by autoradiography and
identified using the standards. The incorporations 32P-radiola-
bel into phosphoserine, phosphothreonine, and phosphoty-
rosine in the full-length and nSREBP-1c were determined from
phosphoamino acid spots scraped fromTLC plates followed by
measurement of radioactivity in a scintillation spectrometer.

InVitroKinaseAssaywith PKB/Akt—One�g of SREBP-1c or
GSK3� expressed and purified from E. coli was incubated with
recombinant active Akt (400 ng; Upstate Biotechnology, Inc.,
Lake Placid, NY) in 30 �l of kinase buffer containing 25 mM
HEPES, 25mM �-glycerophosphate, 25mMMgCl2, 2 mM dithi-
othreitol, and 0.1 mM sodium orthovanadate. The reaction was
initiated by adding 10 �Ci of [�-32P]ATP followed by incuba-
tion for 2 h at 30 °C. The reaction was stopped by adding
Laemmli SDS sample dilution buffer. Proteins were sepa-
rated on 7.5% SDS-PAGE and transferred to nitrocellulose
membrane, and radioactive proteins were detected by x-ray
film autoradiography.
Isolation of RNA and Real Time PCR—Total RNA was iso-

lated from primary rat hepatocytes by using RNeasy mini kit
(Qiagen Inc., Valencia, CA). Twenty microliters of RNA were
initially treated with DNase I (Ambion, Austin, EX) at 37 °C for
1 h. The DNase I enzyme activity was stopped by adding DNase
inactivation reagent to the sample and quantified by absorb-
ance at 260 nm. Equal amounts ofDNA-free RNAwere used for
the first strand cDNA synthesis by using SuperScript III first
strand synthesis kit (Invitrogen). Up to 1 �g of RNAwas mixed
with 1 �l of 10mM dNTPmix and 1 �l of random hexamers (50
ng/�l). Each sample was incubated at 70 °C for 10min and then
placed on ice for at least 2 min. Next, 2 �l of 10� RT buffer, 4.5
�l of 25 mM MgCl2, 2 �l of 0.1 M DTT, and 1 �l of RNaseOUT
recombinant ribonuclease inhibitor was added to each tube.
After being incubated at room temperature for 2 min, 1 �l of
SuperScript III RT was added to each tube. The tubes were
sequentially incubated at room temperature for 10 min, at
42 °C for 1 h, and at 70 °C for 15 min. RNase H was added to
each tube and incubated at 37 °C for 20 min. Synthesized
cDNA was subsequently mixed with 2� SYBR Green PCR
master mix (Applied Biosystems, Foster City, CA) and a set of
following forward and reverse primers and subjected to real
time PCR quantification. The primers for SREBP-1c were 5�-
ggagccatggattgcacatt-3� (forward) and 5�-aggaaggcttccagaga-
gga-3� (reverse). The primers for 18 S were 5�-cggctaccacatcc-
aaggaa-3� (forward) and 5�-ttttcgtcactacctccccg-3� (reverse).
The parameters for real time PCR were as follows: 95 °C for 11
min followed by 40 cycles of 95 °C for 30 s and 60 °C for 1 min
and for the melt curve 100 cycles of 10 s from 60 to 100 °C in
0.4 °C increments. All reactions were performed in triplicate.
The relative amounts of mRNAs were calculated by using the
comparative Ctmethod.
Statistics—All experiments were repeated at least three

times, and data are presented as mean � S.E. The treatment
effects were analyzed by unpaired Student’s t test by using
Prism 4.0 (GraphPad Software, SanDiego). p values�0.05were
considered to be statistically significant.

RESULTS

Insulin Stimulates and Bt2cAMP Inhibits Processing of Nas-
cent SREBP-1c in Rat Hepatocytes—Insulin stimulates gene
expression in part by increasing the abundance of nuclear
SREBP-1c. In rat hepatocytes and in intact liver, insulin induces
SREBP-1c mRNA and nascent protein, whereas glucagon via
cyclic AMP opposes the effect of insulin. To determine
whether, in addition to increasing the expression of nascent
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SREBP-1c, insulin also stimulates SREBP-1c proteolytic proc-
essing, we determined the effect of insulin on generation of
nSREBP-1c from constitutively expressed recombinant full-
length SREBP-1c in primary rat hepatocytes infected with
either Ad-LacZ (control) or Ad-HisSREBP-1cFLAG for 24 h.
The exogenously expressed SREBP-1c was quantified from
Western blots of cell lysates probed with anti-His or anti-
SREBP1 antibodies. The expression of His-tagged full-length
SREBP-1c could be readily detected in cell lysates from the
infected hepatocytes (Fig. 1A). There was no detectable expres-
sion of SREBP-1c in hepatocytes infected with Ad-LacZ. Fur-
thermore, the levels of endogenous SREBP-1c were too low to
be detected in the whole cell extracts. Reprobing the Western
blots with antibodies against SREBP-1c further corroborated
the expression data obtained with antibodies to His tag. These
blots were also probed for �-actin to assess protein loading in
various lanes (Fig. 1A).
To examine the ability of insulin to stimulate SREBP-1c

processing, hepatocytes were infected overnight with Ad-HisS-
REBP-1cFLAG and then incubated in the presence or absence
of insulin (100 nM), Bt2cAMP (100 �M), or both agents for 1 h.
The nuclear SREBP-1c levels were measured using anti-His
antibodies; equivalency of nuclear protein loading was assessed
by reprobing the Western blots with anti-histone H1 antibod-
ies. The proteasomal inhibitor ALLN (25 �g/ml) was added
during the 1-h incubation period to prevent degradation of
newly generated nSREBP-1c. Insulin increased the accumu-
lation of nSREBP-1c in nuclear extracts by 2.62 � 0.21-fold.
The insulin-mediated enhanced proteolysis of the nascent
SREBP-1c was completely prevented by concurrent treatment
with Bt2cAMP. Treatment of hepatocytes expressing full-
length SREBP-1c by dibutyryl-cAMP alone had a modest effect
to reduce nSREBP-1c below control levels; however, the major
effect of dibutyryl cAMP was to antagonize the effect of insulin
(Fig. 1, B and C). The full-length His-SREBP-1c was exclusively
contained in the microsomal fraction (Fig. 1B, bottom panel).

Insulin is known to potently stimulate transcription of
srebp-1c gene, and it is conceivable but highly unlikely that (i)
CMVpromoter-driven transcription of SREBP-1c is affected by
insulin and (ii) the temporal changes in the rates of transcrip-
tion of endogenous SREBP-1c gene occur rapidly with in 1 h of
insulin treatment. To investigate that the ability of insulin to
stimulate processing of epitope-tagged nascent SREBP-1c was
not because of its stimulatory effects on the expression of
epitope-tagged SREBP-1c from the CMV promoter incorpo-
rated in adenoviral vector, we measured SREBP-1c mRNA lev-
els. Hepatocytes infected with Ad-His-SREBP-1cFLAG were
incubated with and without insulin for 1–3 h, and RNA was
isolated. Equal amounts of RNA from control and insulin-
treated hepatocytes were analyzed by real time PCR. Insulin
treatment did not affect the expression of SREBP-1c mRNA
over a 3-h period (Fig. 1D).

The observations outlined in Fig. 1, B and C, do not reveal
whether the effect of insulin to stimulate proteolytic processing
of nascent SREBP-1c is specific for this lipogenic regulator, or
whether the effect also extends to the SREBP-2 isoform whose
processing is regulated primarily by sterol balance. Both
SREBP-1c and SREBP-2 are assembled in the ER in association

FIGURE 1. Exogenous expression of nascent SREBP-1c by recombinant
adenovirus vectors and proteolytic processing in primary hepatocytes.
A, primary hepatocytes were infected with Ad-LacZ or Ad-HisSREBP-1cFLAG
for 24 h. Cell lysates (20 �g of protein) were resolved by SDS-PAGE and immu-
noblotted with His, SREBP1-specific antibodies. Blots were stripped and re-
probed with �-actin-specific antibodies to assess protein loading in all sam-
ples. B, hepatocytes infected with Ad-HisSREBP-1cFLAG were incubated in
medium containing insulin (100 nM), Bt2cAMP (db-cAMP) (100 �M), insulin
(100 nM) � Bt2cAMP (100 �M), or without additions. ALLN (25 �g/ml) was
added during incubation, and cells were harvested after 1 h of incubation.
Nuclear protein extracts (50 �g) were fractionated by SDS-PAGE, and immu-
noblots were developed using anti-His or anti-histone antibodies. Microso-
mal fraction (20 �g) was subjected to SDS-PAGE, blotted to nitrocellulose
membranes, and probed using His-specific antibodies to assess the levels of
full-length SREBP-1c (bottom panel). C, densitometric quantification of
nSREBP-1c bands from three independent blots is shown in B; the data are
expressed as a percentage of control optical density of nSREBP-1c-specific
band. *, p � 0.05 versus control; **, p � 0.05 versus insulin treatment. D, pri-
mary hepatocytes infected with Ad-HisSREBP-1cFLAG were treated with or
without insulin (100 nM) for the indicated times, and RNA was isolated. The
mRNA abundance of SREBP-1c was measured by real time PCR as described
under “Materials and Methods” using 18 S rRNA as the control. The data are
expressed as fold induction of control SREBP-1c mRNA abundance. E, primary
hepatocytes were infected with recombinant Ad-lacZ or Ad-HisSREBP-2 for
24 h. Cell lysates were resolved by SDS-PAGE and immunoblotted with anti-
His, anti-SREBP2, or �-actin antibodies. F, hepatocytes infected with Ad-His-
SREBP-2 were incubated in medium containing insulin (100 nM), Bt2cAMP
(100 �M), insulin (100 nM) � Bt2cAMP (100 �M), or without additions. ALLN (25
�g/ml) was added during incubation, and cells harvested after 1 h of incuba-
tion. Immunoblot of nuclear protein extracts (50 �g) were developed with
anti-His or anti-histone H1 antibodies. Representative blots are shown.
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with the chaperone protein SCAP and are held in the ER by the
ER retention proteins Insig1 or -2. As nuclear levels of
SREBP-1c and SREBP-2 are differentially regulated by lipid and
sterol balance, respectively, selective regulation of processing is
one potential mechanism to confer specificity of regulation.
Therefore, we experimentally investigated this question using
adenoviral vector to constitutively express histidine-tagged
SREBP-2 (Ad-HisSREBP-2). We measured the efficacy of
expression of full-length SREBP-2 in hepatocytes infected with
Ad-HisSREBP-2 by Western blot analysis of cell extracts using
anti-His or anti-SREBP-2 antibodies. The expression of exoge-
nous full-length SREBP-2 in the infected hepatocytes was
readily observed (Fig. 1E). There was no detectable expression
of endogenous SREBP-2 in uninfected hepatocytes or cells
infected with Ad-LacZ virus. To examine whether the proteo-
lytic cleavage of the nascent SREBP-2 was affected under these
conditions, hepatocytes were infected overnight with Ad-His-
SREBP-2 and incubated for 1 h in the presence or absence of
insulin, Bt2cAMP, orwith both agents. The steady state levels of
nuclear SREBP-2 were measured using anti-His antibody. The
parallelWestern blot analysis of histone H1 levels was used as a
normalization control. As shown in Fig. 1F, neither insulin nor
Bt2cAMP significantly altered the levels of nSREBP-2. These
findings indicate that insulin selectively enhances processing of
SREBP-1c but not SREBP-2.
The selectivity of the effect insulin on SREBP-1c and

SREBP-2 processing was further examined.We experimentally
assessed whether SREBP-1c processing, like that of SREBP-2, is
responsive to sterol balance. Hepatocytes were infected with
either AdHisSREBP-1cFLAGorAdHisSREBP-2 and then incu-
bated with or without 1% (w/v) hydroxypropyl-�-cyclodextrin,
an agent known to remove sterols from intact cells, and the
hydroxymethylglutaryl-CoA reductase inhibitor compactin (50
�M) for 3 h to deplete the cells of sterols. The levels of
nSREBP-1c and -2 weremeasured using anti-His antibody. The
parallel blots were probed for anti-histone H1 for normaliza-
tion. Sterol depletion effectively increased the proteolytic proc-
essing of SREBP-2 by 2.89� 0.13-fold. In contrast, sterol deple-
tion had no effect on SREBP-1c processing (1.26 � 0.64-fold;
Fig. 2, A and B). Altogether, these data indicate that insulin
rapidly and selectively stimulates processing of SREBP-1c by a
mechanism that is independent of sterol balance.
Insulin Increases Binding of SCAP/SREBP-1c to COPII Pro-

teins in Rat Hepatocytes—To undergo sequential proteolysis by
S1P and S2P, nascent SREBPs must first be transported from
the ER to Golgi in COPII vesicles. The COPII coat consists of
five proteins as follows: the small GTPase Sar1 and two het-
erodimeric protein complexes, Sec23/24 and Sec13/31. Forma-
tion of COPII vesicles is initiated by Sar1 binding to the ER
membrane, where it is activated by the exchange of boundGDP
for GTP. Then Sar1-GTP sequentially recruits Sec23/24 and
Sec13/31 to the ER membrane, facilitating vesicle formation.
Sterol-mediated regulation of transport of SREBP-1a and -2 is
initiated by binding of SCAP/SREBP to COPII proteins that
subsequently bud from the ER. We reasoned that ER to Golgi
transport may also serve as a control point for proteolytic proc-
essing of SREBP-1c. Therefore, we experimentally determined

whether insulin alters the affinity of one or more of the COPII
vesicular proteins for the SCAP-SREBP-1c complex.
To discern whether insulin promotes binding of the SCAP-

SREBP-1c complex to COPII proteins, we performed a gluta-
thione S-transferase (GST) pulldown assay according to the
published protocols (21, 27, 28). We prepared microsomes
from hepatocytes expressing AdHis-SREBP-1cFLAG in the
presence or absence of insulin treatment for 1 h, and we
removed prebound COPII proteins by washing with urea. The
urea-washed microsomes were then incubated with recombi-
nant human wild-type GST-tagged Sar1 (GST-Sar1) in a reac-
tion supplemented with ATP and GMP-PNP (a nonhydrolyz-
able analog of GTP) and/or purified COPII proteins (Sec23/24
complex), andwe incubated these reactants at 30 °C for 15min.
To terminate the reaction, membranes were re-isolated by cen-
trifugation and washed, and bound proteins were solubilized in
a detergent-containing buffer. Proteins bound to GST-Sar1
were recovered on glutathione-Sepharose beads, separated by
SDS-PAGE, transferred to nitrocellulose, and then probedwith
antibodies to the Sec23, SCAP, orGST tag on Sar1 orHis tag on
SREBP-1c. As illustrated in Fig. 3A (bottom panel, 2nd lane), all
of the GST-Sar1 was found in the bound fraction when a reac-
tion was supplemented with ATP/GMP-PNP, indicating com-
plete recovery of the GST-Sar1 on the glutathione beads. This
finding is consistent with previous data showing that ATP is
required for binding of Sar1 to microsomal membranes (29). A
fraction of Sec23 was copelleted when the incubations were
performed in the presence of the Sec23/24 complex and ATP
and GMP-PNP (Fig. 3A, 3rd panel, 3rd lane). This is consistent
with the earlier observations that recruitment of COPII pro-
teins to membranes requires an ATP-regenerating system and
GTPorGMP-PNP. Preincubation of the hepatocyteswith insu-
lin had no effect on theGST-Sar1 pulldown of Sec23, indicating
that binding of Sar1 to Sec23/24 is not regulated by insulin (Fig.
3A, 3rd panel, 4th lane). In contrast, we observed a marked
increase in SCAP and SREBP-1c binding to the Sar1-Sec23/24
complex in microsomes derived from insulin-treated hepato-

FIGURE 2. Sterol depletion of primary hepatocytes does not affect proc-
essing of SREBP-1c. A, hepatocytes infected with either Ad-HisSREBP-
1cFLAG or Ad-HisSREBP-2 were incubated with and without 1% (w/v)
hydroxypropyl-�-cyclodextrin (HPCD) and 50 �M compactin for 3 h. ALLN (25
�g/ml) was added for the last 1 h of incubation. Nuclear protein extracts (50
�g) were electroblotted to nitrocellulose membranes and developed using
antibodies specific for His or histone H1. B, densitometric quantifications of
nSREBP bands (a representative blot shown in A is expressed as a fold change
over control optical densities of nSREBP-1c bands). *, p � 0.05 versus control.
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cytes (Fig. 3A, 1st and 2nd panels). The amount of SCAP and
SREBP-1c binding to the Sar1-Sec23/24 complex increased
2.34 � 0.24- and 2.42 � 0.56-fold, respectively, in microsomes
isolated from insulin-treated hepatocytes (Fig. 3B). To deter-
mine the specificity of this effect, we next determined
whether insulin also enhances binding of the SREBP-2 iso-
form to COPII proteins. In contrast to the enhanced binding

of SREBP-1c observed in Fig. 3A, SREBP-2 binding to Sar1-
Sec23/24 was not increased in microsomes isolated from
insulin-treated hepatocytes expressing recombinant His-
SREBP-2 (Fig. 3C).
To confirm the effect of insulin on membrane binding of

COPII protein in situ, we further analyzed the association of
Sec24 with SCAP from control and insulin-treated hepatocytes
by immunoprecipitation of SCAP followed by immunoblotting
to detect the presence of Sec24. As shown in Fig. 3, in hepato-
cytes treated with insulin the amount of Sec24 associated with
SCAP was significantly increased (Fig. 3D). Conversely, when
we immunoprecipitated Sec23 and probed for the presence of
SCAP or SREBP-1c, we found that both SCAP and SREBP-1c
were coimmunoprecipitated with Sec23, and this association
was increased more than 2.5-fold in hepatocytes treated with
insulin (Fig. 3E). Reprobing with anti-SCAP or anti-Sec23 anti-
bodies confirmed that equal amounts of protein had been
immunoprecipitated and that increased associationwas not the
result of induction of either protein by insulin (Fig. 3, D and E,
bottom panels). These data indicate that increased processing
of SREBP1c in the presence of insulin results from increased
recruitment of the SCAP/SREBP-1c by the COPII coat of nas-
cent ER vesicles and that this effect of insulin is specific for the
SREBP-1c isoform.
Insulin-stimulates Phosphorylation of SREBP-1c in Rat Hepa-

tocytes—The rapid onset of the effect of insulin on proteolytic
processing of SREBP-1c suggested a post-translational mecha-
nismfor this effect rather thana requirement forprotein synthesis.
To exclude the possibility that insulin-stimulated SREBP-1c proc-
essing resulted from de novo synthesis of an ER-export protein
relegated to full-length SREBP-1c, we incubated hepatocytes with
cycloheximide for 30 or 120 min before adding insulin (100 nM),
followed by a subsequent 1-h incubation. As illustrated in Fig. 4,
cycloheximide (2 �g/ml) pretreatment had no effect on insulin-
stimulated SREBP-1c processing. The processing of SREBP-1c in
insulin-treatedhepatocyteswas 265� 31% (Fig. 4, lane 2). Insulin
treatment resulted in an enhanced generation of nSREBP-1c
by 241 � 21 (Fig. 4, lane 3) and 240 � 17 (lane 4) (mean �
S.E.) in the presence of cycloheximide for 30 or 120 min,
respectively. Cycloheximide treatment by itself did not sig-
nificantly alter processing (Fig. 4, lane 5).

Insulin exerts many effects via altering phosphorylation of
proteins. The rapid onset and absence of a requirement for
protein synthesis is entirely consistent with a mechanism for
enhanced SREBP-1c processing following insulin treatment

E

FIGURE 3. Insulin selectively increases binding of SCAP and SREBP-1c to
COPII proteins. A, hepatocytes infected with Ad-HisSREBP1cFLAG were incu-
bated for 1 h at 37 °C in the absence or presence of insulin (100 nM), and
microsomes were assayed for SCAP and SREBP-1c binding to COPII proteins
by using the GST-Sar1 pulldown assay as described under “Materials and
Methods.” Microsomal membranes (160 �g) were incubated with GST-Sar1
(10 �g) in the presence or absence of Sec23/24 proteins (10 �g) or ATP/GMP-
PNP and incubated for 15 min at 30 °C. Microsomes were pelleted by centrif-
ugation, solubilized, and incubated with glutathione-Sepharose beads. The
resulting bound and unbound fractions were separated by SDS-PAGE and
immunoblotted with antibodies specific against GST (Sar1), Sec23, SCAP, or
His (SREBP-1c). Representative blots are shown. B, amount of bound SCAP or
SREBP-1c was quantitated by densitometry. Data are expressed as a percent-
age change over control optical density values of SCAP or SREBP-1 bands. *,
p � 0.05 versus control. C, hepatocytes infected with Ad-HisSREBP-2 were
treated with and without insulin for 1 h. Microsomes prepared were assayed
for SREBP-2 binding to COPII proteins by GST-Sar1 pulldown assay as
described under “Materials and Methods.” Representative blots are shown.
D, hepatocytes were incubated with or without insulin (100 nM) for 1 h, and
microsomes were isolated. Microsomal membranes (500 �g) were immuno-
precipitated (IP) with anti-SCAP or preimmune IgG, fractionated by SDS-
PAGE, and immunoblotted to detect Sec24 or SCAP. Representative blots are
shown. E, following incubation of hepatocytes with or without insulin for 1 h,
microsomes were prepared. Microsomal membranes (500 �g) were immuno-
precipitated using anti-Sec23 or preimmune IgG and analyzed by immuno-
blotting using SCAP, SREBP-1c, or Sec23 antibodies.

FIGURE 4. Insulin-mediated stimulation of SREBP-1c processing does not
require de novo synthesis. Hepatocytes infected with Ad-HisSREBP-1cFLAG
were preincubated with and without cycloheximide for 30 min (lane 3) or 120
min (lane 4) and treated with or without insulin for 1 h. Nuclear protein
extracts (50 �g) were prepared and analyzed by immunoblotting using anti-
His antibodies to detect nSREBP-1c. Parallel blots were similarly probed with
histone H1-specific antibodies to determine protein loading. Representative
blots are shown.
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that involves post-translational
modification of one or more of the
participating proteins. We there-
fore hypothesized that phosphoryl-
ation of either full-length SREBP-1c
and/or its chaperone protein SCAP
could result in altered conformation
of the SREBP-1c-SCAP complex
with resulting increased affinity
toward the COPII Sec23/24 com-
plex. Phosphorylation of SCAP has
not been previously reported, and in
our initial experiments we were
unable to identify phosphorylation
of SCAP. To further extend these
observations, we immunoprecipi-
tated SCAP from lysates of 32P-la-
beled hepatocytes after 1 h of treat-
ment with insulin and found that
immunoprecipitated SCAP was not
significantly phosphorylated (data
not shown). On the other hand, the
NH2-terminal nuclear fragment of
SREBP-1c contains consensus
sequences that may be phosphoryl-
ated by a number of kinases (30–
32). Although it has been demon-
strated that the NH2-terminal
fragment of SREBP-1c is phospho-
rylated in vivo, it is not known
whether it is phosphorylated in the
ER or in the Golgi. If phosphoryla-
tion of nascent SREBP-1c mediates
its enhanced transport from the ER
toGolgi in response to insulin treat-
ment, it must involve the full-
length, ER-bound SREBP-1c.
Because the effect of insulin on
phosphorylation of full-length SREBP-
1c has not been demonstrated pre-
viously, we infected rat hepatocytes
withCOOH-terminal FLAG-tagged
SREBP-1c (Ad-HisSREBP-1cFLAG).
SREBP-1c was immunoprecipitated
with anti-FLAG antibody from
lysates of 32P-labeled hepatocytes
after 1 h of incubation at 37 °C in the
absence or presence of insulin. The
immunoprecipitated samples were
then subjected either to immuno-
blotting with FLAG antibodies or
were fractionated by SDS-PAGE
followed by autoradiography. As
shown in Fig. 5A, nascent SREBP-1c
is a phosphoprotein, and insulin
treatment leads to its increased
phosphorylation. The incorpora-
tion of 32P more than doubled in

FIGURE 5. Insulin increases the phosphorylation of full-length SREBP-1c and its phosphoserine immunore-
activity in rat primary hepatocytes. A, hepatocytes infected with Ad-HisSREBP1cFLAG were metabolically labeled
with [32P]orthophosphate for 3 h at 37 °C and then incubated in the absence or presence of insulin (100 nM) for 1 h.
Cell lysates (500 �g) were immunoprecipitated (IP) with anti-FLAG antibody and were immunoblotted using FLAG
antibody (left panel); immunoblots were subjected to autoradiography (right panel). B, densitometric quantification
of phosphorylated SREBP-1c shown in A (right panel); the data are expressed as a percentage of control optical
density. *, p � 0.05 versus control. C, hepatocytes infected with Ad-HisSREBP1cFLAG were incubated in the absence
or presence of insulin (100 nM). Cell extracts (500 �g) were immunoprecipitated with anti-FLAG antibody and
immunoblotted with FLAG antibody (left panel) or phosphoserine antibody (right panel). D, densitometric quantifi-
cation of phosphorylated SREBP-1c (a representative blot shown in C) was carried out; the data are expressed as a
percentage of control optical density. *, p � 0.05 versus control. E, hepatocytes infected with Ad-HisSREBP1cFLAG
were incubated in the absence or presence of insulin (100 nM). Cell extracts (500 �g) were immunoprecipitated with
anti-FLAG (left panel) or anti-phosphoserine-agarose (right panel) and immunoblotted with FLAG antibody (full-
length SREBP-1c). F, densitometric quantification of phosphorylated SREBP-1c shown in E (right panel); the data are
expressed as a percentage of control optical density. *, p � 0.05 versus control. G, hepatocytes labeled with
[32P]orthophosphate were treated with and without insulin for 1 h. Cell lysates (500 �g) were immunoprecipitated
with anti-FLAG (full-length SREBP-1c; left panel) or anti-His (nSREBP-1c; right panel) and separated on SDS-PAGE. The
32P-labeled SREBP-1c bands excised from separate phosphorylation assays were pooled and subjected to acid
hydrolysis and phosphoamino acid analysis as described under “Materials and Methods.” Locations of ninhydrin-
stained standard phosphoamino acids (pSer, phosphoserine; pThr, phosphothreonine; pTyr, phosphotyrosine) are
indicated. H, 32P radiolabel incorporated into phosphoserine spots of SREBP-1c as shown in G were determined by
scintillation counting as described under “Materials and Methods.” Data are expressed as a percentage of control
optical density. *, p � 0.05 versus control.
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insulin-treated samples (Fig. 5B). Insulin treatment led to
increased phosphorylation of the full-length SREBP-1c at
least in part resulting from its serine phosphorylation; insulin
increased the phosphoserine immunoreactivity of the
SREBP-1c by 2.18 � 0.19-fold (Fig. 5, C and D). Conversely,
the amount of SREBP-1c found in the immunoprecipitates of
anti-phosphoserine agarose was increased by 2.06 � 0.22-fold
by insulin (Fig. 5, E and F). The enhanced phosphorylation of
the full-length SREBP-1c potentially suggests a novel mecha-
nism by which insulin promotes movement of the nascent
SREBP-1c from the ER to Golgi where enhanced proteolysis
releases a 60-kDa fragment, the transcriptionally active
nSREBP-1c.
Insulin activates a number of downstream kinases (33–35)

that phosphorylate their targets at serine, threonine, or tyrosine
residues. Therefore, we assessed the identities of phosphoryla-
ted amino acids in endogenous SREBP-1c; we immunoprecipi-
tated the full-length SREBP-1c from 32P-loaded hepatocytes
and subjected the immunoprecipitated protein to phos-
phoamino acid analysis. Precursor SREBP-1c immunoprecipi-
tated from untreated hepatocytes contained only serine and
tyrosine phosphorylation (Fig. 5G, left panel). In contrast,
SREBP-1c isolated from insulin-treated hepatocytes not only
had increased serine phosphorylation (3.4� 0.76-fold) but also
was enriched in phosphothreonine (Fig. 5,G, left panel, andH).
These results indicate that serines are the primary phosphoryl-
ated amino acids in full-length SREBP-1c and insulin enhances
both serine and threonine phosphorylation. To determine
whether the NH2-terminal segment of full-length SREBP-1c is
also phosphorylated in situ, we immunoprecipitated the NH2-
terminal fragment of SREBP-1c (60 kDa, nSREBP-1c) from 32P-
labeled hepatocytes by using antibodies directed toward the
NH2 terminus (anti-His). The immunoprecipitated NH2-ter-
minal segment of SREBP-1c was fractionated by SDS-PAGE
and subjected to phosphoamino acid analysis. The 32P content
of serine spots from control and insulin-treated hepatocytes
was measured. Insulin treatment also led to a consistent but
lesser increase in serine phosphorylation of nSREBP-1c (Fig.
5G, right panel). Quantification of the autoradiographs (Fig.
5H, right panel) revealed that insulin treatment enhanced phos-
phorylation of nSREBP-1c by 2.3 � 0.34-fold. These data sug-
gest that phosphorylation sites exist in both NH2-terminal and
COOH-terminal fragments of full-length SREBP-1c. However,
our attempts to demonstrate the phosphorylation of COOH-
terminal fragment directly were not successful. Under simi-
lar conditions, the fractionation of the immunoprecipitated
COOH-terminal fragment of SREBP-1c failed to detect the
band corresponding to the size of the COOH terminus
(�60–70 kDa; data not shown). We interpret this observation
to indicate that unlike the nSREBP-1c-fragment the cytosolic
COOH-terminal domain is highly susceptible to enzymatic
degradation.
These results demonstrate that nascent SREBP-1c is phos-

phorylated under basal conditions and that phosphorylation
increases in response to insulin treatment in primary rat hepa-
tocytes. Because insulin-induced increase in SREBP-1c phos-
phorylation correlated with the magnitude of its proteolysis by
S1P and S2P, we hypothesized that phosphorylation of the full-

length SREBP-1c may promote its movement from the ER to
Golgi where enhanced proteolysis occurs under these condi-
tions. We experimentally assessed if phosphorylation of nas-
cent SREBP-1c by insulin was necessary for its increased asso-
ciationwith COPII proteins. Using aGST-Sar1 pulldown assay,
we tested the ability of alkaline phosphatase treatment to pre-
vent binding of SCAP/SREBP-1c to the Sec23/24 complex. For
this purpose, the microsomal membranes derived from control
and insulin-treated hepatocytes were preincubated with alka-
line phosphatase as described under “Materials and Methods.”
As shown in Fig. 6,A andB, SCAP and SREBP-1c binding to the
Sar1-Sec23/Sec24 complex was 2-fold higher in membranes
isolated from insulin-treated hepatocytes. The ability of insulin
to promote SCAP/SREBP-1c binding was completely abolished
when membranes were incubated with alkaline phosphatase
(Fig. 6, A and B). Taken together, these data strongly support
our contention that enhanced ER to Golgi transport of
SREBP-1c was facilitated by its phosphorylation in response to
insulin.
The physiological relevance of phosphorylation of the full-

length SREBP-1c was further evaluated by comparing the
time course of the insulin-induced phosphorylation of nas-
cent SREBP-1c and the appearance of nSREBP-1c in rat
hepatocytes. The phosphorylation of newly synthesized full-
length SREBP-1c was revealed by autoradiography after immu-
noprecipitation of 32P-labeled nascent SREBP-1c with the
FLAG antibody. Concomitantly, we quantified the levels of

FIGURE 6. Phosphatase treatment inhibits the ability of insulin to stimu-
late binding of SCAP/SREBP-1c to COPII proteins. A, hepatocytes infected
with Ad-HisSREBP-1cFLAG were incubated in the presence or absence of
insulin for 1 h. Microsomes were preincubated with or without alkaline phos-
phatase (0.4 IU) and assayed for SCAP and SREBP-1c binding to COPII proteins
by using GST-Sar1 pulldown assay as described under “Materials and Meth-
ods.” Representative blots are shown. B, densitometric quantification of
bound SCAP and SREBP-1c from three independent experiments are shown
in A; the data are expressed as a percentage of control optical density of SCAP
and SREBP-1c bands. *, p � 0.05 versus control. **, p � 0.05 versus insulin
treatment.
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nSREBP-1c byWestern blot analysis followed by densitometry.
As shown in Fig. 7, phosphorylation of nascent SREBP-1c was
rapid and apparently preceded the appearance of nSREBP-1c.
These data strongly support the hypothesis that increased
phosphorylation of nascent SREBP-1c in response to insulin
results in stimulation of SREBP-1c/SCAP binding to COPII
proteins and concomitant acceleration of ER to Golgi transport
of SREBP-1c.
Inhibitors of Phosphoinositide 3-Kinase Block Both Insulin-

stimulated Phosphorylation of the Full-length SREBP-1c and Its
Proteolytic Processing—To examine whether phosphorylation
of nascent SREBP-1c mediates the effect of insulin to promote
ER to Golgi transport and subsequent proteolytic processing of
SREBP-1c, we next determined the effect of inhibitors of insu-
lin-mediated protein phosphorylation. We reasoned that if
phosphorylation of nascent SREBP-1c mediates the effect of
insulin to enhance processing, then preventing SREBP-1c
phosphorylation will also prevent its controlled proteolysis by
S1P and S2P. Activation of the insulin receptor initiates a num-
ber of signal transduction pathways that include activation of
PI3K that is critical for the acute and chronic actions of insulin
in the liver and in hepatocytes in culture (35–37). Previous
studies have shown that PI3K is essential for the effects of insu-
lin on SREBP-1c expression and synthesis (17, 38, 39). How-
ever, a role of PI3K pathway in insulin regulation of SREBP-1c
phosphorylation and processing remains to be determined.
Therefore, we sought to determine whether the PI3K pathway
mediates the effect of insulin to promote both SREBP-1c phos-
phorylation and processing by using two specific, cell-perme-
able inhibitors of PI3K. Rat hepatocytes were infected with
Ad-HisSREBP-1cFLAG and then incubated for 1 h with insulin
or with control medium in the presence or absence of

LY294002 (10 �M) or wortmannin (250 nM). Proteins solubi-
lized from the membrane fraction from hepatocytes were sub-
jected to immunoprecipitation with anti-FLAG antibody. The
resulting immunoprecipitates containing ER-associated full-
length SREBP-1c were resolved by SDS-PAGE and transferred
to nitrocellulose membranes. The blots were probed with anti-
phosphoserine antibody. As shown in Fig. 8, both LY294002
and wortmannin effectively blocked phosphorylation of full-
length SREBP-1c by insulin. Neither inhibitor of PI3K affected
the steady state levels of the total nascent FLAG-tagged
SREBP-1c (Fig. 8, A and B, bottom panels).

We next determined the effect of the phosphoinositide 3-ki-
nase inhibitors LY294002 or wortmannin on the ability of insu-
lin to stimulate proteolytic cleavage of SREBP-1c. Rat hepato-
cytes were infected with Ad-HisSREBP-1cFLAG and then
incubated for 1 h with and without insulin after preincubation
with or without LY294002 or wortmannin. Proteins from
nuclear extractswere resolved by SDS-PAGEand transferred to
nitrocellulosemembranes, and blots were probedwith anti-His
antibody to detect the nuclear fragment of SREBP-1c, nSREBP-
1c. As shown in Fig. 9, insulin treatment stimulated SREBP-1c
processing, and inhibition of PI3K by both LY294002 andwort-
mannin effectively prevented insulin-stimulated processing.
Quantification of these Western blots indicated that insulin
treatment led to a 2.5–3-fold increase in the formation of
nSREBP-1c that was completely neutralized by inhibitors of
PI3K. These results suggest that PI3K-mediated phosphoryla-
tion is required to stimulate SREBP-1c processing by insulin.

FIGURE 7. The insulin-induced phosphorylation of the nascent SREBP-1c
and stimulation of the SREBP-1c processing follow a similar time course.
Hepatocytes infected with Ad-HisSREBP-1cFLAG were treated with or with-
out insulin for various times (10 – 60 min). The phosphorylation of the nascent
SREBP-1c and SREBP-1c processing was determined as described under
“Materials and Methods.” Top, representative autoradiogram and Western
blot are shown. Bottom, data from three independent experiments are
expressed as fold change over basal phosphorylation of nascent SREBP-1c
(open squares) and as fold change over basal levels of nSREBP-1c (closed
squares) and were plotted on the same graph.

FIGURE 8. Inhibitors of phosphoinositide 3-kinase prevent insulin-in-
duced phosphorylation of full-length SREBP-1c. A, hepatocytes infected
with Ad-HisSREBP-1cFLAG were incubated with or without LY294002 (10 �M)
for 30 min before addition of insulin. Microsomal membranes (500 �g) were
immunoprecipitated (IP) with anti-FLAG antibodies to detect full-length
SREBP-1c; and immunoblots were then probed with phosphoserine (upper
panel) or FLAG-specific antibody (lower panel). B, hepatocytes infected with
Ad-HisSREBP-1cFLAG were incubated with or without wortmannin (250 nM)
for 30 min before adding insulin. Microsomal membranes (500 �g) were
immunoprecipitated with anti-FLAG (full-length SREBP-1c) and immuno-
blotted using phosphoserine antibody (upper panel) or FLAG antibody (lower
panel). Representative blots are shown.

FIGURE 9. Stimulation of SREBP-1c processing by insulin is prevented by
inhibitors of PI3K. A, hepatocytes infected with Ad-HisSREBP-1cFLAG were
treated with or without insulin (100 nM) in the presence or absence of
LY294002 (10 �M) for 1 h, and nuclear extracts were prepared. Nuclear protein
extracts (50 �g) were separated by SDS-PAGE and immunoblotted for anti-
His (nSREBP-1c) or anti-histone H1 antibodies. B, hepatocytes infected with
Ad-HisSREBP-1cFLAG were treated with or without insulin (100 nM) in the
presence or absence of wortmannin (250 nM) for 1 h. Nuclear protein extracts
(50 �g) were separated by SDS-PAGE and immunoblotted for anti-His or anti-
histone H1 antibodies. Representative blots for both experiments are shown
in A and B.
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We further confirmed these results in McARH7777 rat hep-
atoma cells that were cotransfected with dominant negative
(pdelta p85) and constitutively active (p110) subunits of PI3K
with theHisSREBP-1cFLAGconstruct. Cotransfection of dom-
inant-negative p85 reduced the phosphoserine content of the
precursor SREBP-1c by 45% (Fig. 10A). On the other hand, the
phosphoserine content of the nascent SREBP-1c was enhanced
when the constitutively active p110 subunit of PI3K was coex-
pressed by 160% (Fig. 10A). Cotransfection of the dominant
negative p85 subunit also resulted in an �2-fold decrease in
SREBP-1c processing, whereas cotransfection of the constitu-
tively active p110 subunit of PI3K resulted in a similar increase
in SREBP-1c processing (Fig. 10B). These data corroborate the
results of chemical inhibitors of the PI3Kpathway and, together
with the phosphatase treatment studies, indicate a tight link
between phosphorylation of the nascent SREBP-1c, its ER to
Golgi transport, and enhanced proteolytic processing.
Effects of Serine/Threonine Kinase PKB/Akt on SREBP-1c

Phosphorylation and Activation by Insulin—The PKB/Akt
enzymehas been suggested to be amajor downstreammediator
of PI3K in the insulin signaling pathway (40, 41) and has been
shown to be involved in the stimulation of SREBP-1c mRNA
expression and synthesis in the liver in response to insulin (39,
42, 43). To further investigate the signaling pathway(s) that
mediate insulin-induced proteolytic processing of SREBP-1c
and to provide additional support for a mechanistic link with
phosphorylation of SREBP-1c, we next determined whether
phosphorylation of SREBP-1c by PKB/Akt is involved in its pro-
teolytic activation by insulin. Our initial approach was to assess
the ability of selective PKB/Akt inhibitors (Akt inhibitors II and
III) to prevent insulin-dependent phosphorylation and proteo-
lytic processing of SREBP-1c (44, 45). We incubated hepato-
cytes expressing FLAG-tagged SREBP-1c with or without PKB
inhibitors and then maintained these cultures in insulin-sup-
plemented (100 nM) or insulin-free medium for an additional
1 h. Immunoprecipitated FLAG-tagged SREBP-1c was sequen-
tially probedwith antibodies against phosphorylated serine and
FLAG. We demonstrated that insulin increased serine phos-
phorylation of nascent SREBP-1c by �2-fold (Fig. 11A, left
panel, 2nd lane). The insulin-dependent increase in SREBP-1c
phosphorylation was abolished by pretreatment of cells with
either inhibitors of PKB/Akt (Fig. 11A, upper left panel, 3rd and

4th lanes). To investigate whether the stimulatory effects of
insulin on SREBP-1c proteolytic activation is attributable to its
stimulatory effect of PKB-dependent phosphorylation, we
investigated the effects of PKB inhibitors on proteolytic activa-
tion by insulin. Hepatocytes expressing His-tagged SREBP-1c
were preincubated with and without PKB inhibitors and then
treated with and without insulin for 1 h. Consistent with what
was observed for phosphorylation of the nascent SREBP-1c, we
discovered that insulin treatment led to a significant increase in
accumulation of nuclear SREBP-1c, and both inhibitors of
PKB/Akt inhibited the insulin-induced generation of nuclear
SREBP-1c (Fig. 11A, upper right panel). The efficacy of these
Akt inhibitors in primary hepatocyte cultureswas confirmed by
assessing the ability of these inhibitors to prevent Akt-depend-
ent insulin-mediated phosphorylation of GSK-3�, a knownAkt
target protein. As expected, insulin treatment increased phos-
phorylation of GSK-3�, and this effect was effectively pre-
vented by both Akt inhibitors (Fig. 11A, lower panel). These
data are consistent with the interpretation that Akt-dependent
phosphorylation of SREBP-1c by insulin is required for its pro-
teolytic activation.
To further elucidate the potential mechanistic relationship

between PKB-dependent SREBP-1c phosphorylation and its
increased association with COPII proteins, the binding of
SREBP-1c to the COPII complex was assessed by coimmuno-
precipitation of these proteins from hepatocytes treated with
PI3K/PKB inhibitors. It is evident that insulin treatment
increased the amount of COPII protein (Sec23) associated with
SREBP-1c, and inhibition of either PI3K or PKB/Akt signifi-
cantly inhibited the ability of insulin to stimulate binding of
SREBP-1c to Sec23 (Fig. 11B, left panel). Conversely, when we
immunoprecipitated Sec23 and carried out immunoblot analy-
sis for SREBP-1c, as expected, insulin treatment increased the
amount of SREBP-1c binding to this COPII protein, and both
PI3K and PKB inhibitors inhibited insulin-increased associa-
tion (Fig. 11B, right panel).

To further extend and corroborate the role of PKB-depend-
ent SREBP-1c phosphorylation in binding of COPII proteins,
we assessed the effect of immunodepletion of PKBon the ability
of insulin to promote SREBP-1c/Sec23 association in vitro
using a GST-Sar1 pulldown assay. For this assay, PKB in the
cytosol derived from insulin-treated hepatocytes was depleted
using antibody bound to Sepharose beads and incubated with
microsomes isolated from hepatocytes maintained in insulin-
free medium. As shown in (Fig. 11C), SREBP-1c binding to
COPII proteins was increased in cytosol isolated from insulin-
treated hepatocytes. The effect of insulin to promote SREBP-1c
binding was inhibited when Akt-depleted cytosol was used. By
contrast, control IgG-treated cytosol had no effect, as expected
(Fig. 11C). We also directly determined the effect of PKB/Akt
immunodepletion on phosphorylation of nascent SREBP-1c
under these conditions and its association with COPII proteins
by using [�-32P]ATP in GST-Sar1 pulldown experiments. After
the binding reaction, the membranes were re-isolated, solubi-
lized, and fractionated by SDS-PAGE, and 32P-labeled
SREBP-1c was detected by autoradiography. Consistent with
the GST-Sar1 pulldown experiments, phosphorylation experi-
ments revealed that SREBP-1c phosphorylation was increased

FIGURE 10. Constitutively active p110 subunit of PI3K increases and dom-
inant negative p85 subunit decreases both phosphorylation and proc-
essing of SREBP-1c. A, rat hepatoma cells were cotransfected with pHis-
SREBP-1cFLAG and p110 or delta-p85 expression vectors and membranes
were prepared. Microsomal membrane proteins (500 �g) were immunopre-
cipitated (IP) with anti-FLAG and immunoblotted for anti-phosphoserine
antibody (upper panel) or FLAG antibody (lower panel). B, rat hepatoma cells
were cotransfected with pHisSREBP-1cFLAG and p110 or delta-p85 expres-
sion vectors, and nuclear extracts were prepared. Nuclear protein extracts (50
�g) were separated by SDS-PAGE and immunoblotted for anti-His or anti-
histone H1 antibodies. Representative blots are shown.
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when cytosol isolated from insulin-treated hepatocytes was
incubated with native microsomes in a GST-Sar1 binding reac-
tion. However, when cytosol depleted in PKB/Aktwas used, the
insulin-induced phosphorylation of SREBP-1c was reduced. By
contrast, control IgG-treated cytosol had no effect (Fig. 11D).
To determine whether SREBP-1c could be directly phospho-

rylated by PKB/Akt, we performed a cell-free kinase assay by
coincubating bacterially expressed recombinant SREBP-1c and
active Akt. The autoradiogram of reaction mixtures subjected
to SDS-PAGE shows that Akt directly phosphorylates the full-
length SREBP-1c; as expected, incubation of either recombi-
nant SREBP-1c or Akt alone in the presence of [32P]ATP did
not result in phosphorylation (Fig. 11E, left panel). Akt also
effectively phosphorylates its well known substrate, the wild-
type GSK-3�; in contrast the mutated form of GSK-3� (S9A) is
refractory to phosphorylation by Akt (Fig. 11E, right panel).
These data strongly support the hypothesis that PKB/Akt-
dependent SREBP-1c phosphorylation is required for its
enhanced association with COPII proteins by insulin and thus
enhanced generation of active nuclear SREBP-1c.

DISCUSSION

SREBP-1c is the primary regulator of insulin-inducedhepatic
lipogenesis. Insulin potently induces expression of SREBP-1c
mRNA and its encoded protein (10, 16, 17, 46, 47) that must be
transported to the Golgi for regulated proteolysis to yield the
transcriptionally active N-terminal fragment nSREBP. Using
adenoviral vectors to constitutively express epitope-tagged full-
length SREBPs in primary hepatocyte cultures, we have dem-
onstrated that insulin selectively enhances the ER to Golgi
transport and controlled proteolytic cleavage of nascent
SREBP-1c, resulting in increased nuclear content of the tran-
scriptionally active NH2-terminal fragment. Increased insulin-
stimulated SREBP-1c processing is preceded by its phosphoryl-
ation on serine and threonine residues that resulted in
enhanced binding of SCAP/SREBP-1c to COPII proteins.
Although regulation of SREBP-1c by nutritional and hormo-

nal factors has been attributed primarily to transcriptional
mechanisms, there is emerging indirect evidence to suggest
that SREBP-1c may also be regulated at the level of its post-
translational processing (13, 23). Based on their observations of
rapid appearance of nSREBP-1c with administration of insulin
following LXR-dependent induction of nascent SREBP-1c in
hepatocytes, Hegarty et al. (23) proposed that insulin enhances
proteolytic processing of nascent full-length SREBP-1c. This
study directly confirms this hypothesis and further links the
effect of insulin to enhanced association of the SREBP-1c-
SCAP complex with COPII vesicle proteins and resulting
enhanced ER to Golgi transport via Akt/PKB-dependent phos-
phorylation of nascent SREBP-1c. To determine the effect of
insulin on post-translational processing of nascent SREBP-1c
independent of the knowneffect of insulin to promote synthesis

FIGURE 11. Effects of PKB on SREBP-1c phosphorylation and activation by
insulin. A, hepatocytes infected with Ad-HisSREBP-1cFLAG were incubated
with or without Akt inhibitor II (10 �M) or III (10 �M) for 30 min before adding
insulin. Microsomal membranes (500 �g) were immunoprecipitated (IP) with
anti-FLAG (full-length SREBP-1c) and immunoblotted for phosphoserine anti-
body or FLAG antibody (upper left panel). Hepatocytes infected with Ad-His-
SREBP-1cFLAG were preincubated with or without Akt inhibitor II or III for 30
min and then treated with insulin for 1 h. Nuclear protein extracts (50 �g)
were separated by SDS-PAGE and immunoblotted for anti-His (nSREBP-1c) or
anti-histone H1 antibodies (upper right panel). Hepatocytes were treated with
or without insulin (100 nM) in the presence and absence of Akt inhibitor II (10
�M) or III (10 �M), and cell extracts were prepared. An equal amount of protein
(50 �g) from control and each treatment was analyzed by Western blotting
for phosphorylated GSK-3�-specific antibodies. The blots were reprobed
with anti-GSK-3� antibodies to assess the levels of total GSK-3� (lower panel).
B, hepatocytes were incubated with or without insulin (100 nM) in the pres-
ence or absence of LY294002 (10 �M) or Akt inhibitor II (10 �M), and microsomes
were prepared. Microsomal membrane proteins were immunoprecipitated
(500 �g) with anti-SREBP-1c or preimmune IgG, fractionated by SDS-
PAGE, and immunoblotted for Sec23 (left panel). Hepatocytes were incubated
with or without insulin (100 nM) in the presence or absence of LY294002 (10
�M) or Akt inhibitor II (10 �M), and microsomes were prepared. Microsomal
membrane proteins (500 �g) were immunoprecipitated with anti-Sec23 or
preimmune IgG, fractionated by SDS-PAGE, and immunoreacted with anti-
SREBP-1c antibodies (right panel). C, hepatocytes infected with Ad-HisSREBP-
1cFLAG were incubated with or without insulin (100 nM) for 1 h, and cytosol
and native membranes (control-treated) were prepared. Cytosol immunode-
pleted of PKB/Akt or treated with control IgG was incubated with urea-
washed native membranes and assayed by GST-Sar1 pulldown assay as
described under “Materials and Methods.” D, hepatocytes infected with
Ad-HisSREBP-1cFLAG were incubated with or without insulin (100 nM) for 1 h,
and cytosol and native membranes (control-treated) were prepared. Cytosol
immunodepleted of PKB/Akt or treated with control IgG was incubated with
urea-washed native membranes for 1 h at 37 °C and an ATP-regenerating
system containing 50 �Ci of [�-32P]ATP. Membranes were reisolated, solubi-
lized, fractionated by SDS-PAGE, and subjected to autoradiography as
described under “Materials and Methods.” E, recombinant SREBP-1c, recom-
binant active PKB, or recombinant SREBP-1c and active PKB were incubated in
vitro in the presence of [�-32P]ATP. Proteins were separated by SDS-PAGE, and
autoradiographed. Alternatively, proteins were detected by immunoblotting

using either SREBP-1 antibody or Akt antibody (left panel). Recombinant wild-
type GSK-3� or its nonphosphorylatable mutant (S9A) and active PKB were
incubated in the presence of [�-32P]ATP. Proteins were separated by SDS-
PAGE and autoradiographed or immunoblotted using GSK-3� or Akt anti-
body (right panel).
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of the nascent protein, primary hepatocytes were transduced to
constitutively overexpress precursor SREBP-1c tagged with an
NH2-terminalHis epitope.Degradation of the resulting nuclear
His-SREBP-1c fragment was prevented by treatment with the
proteosomal inhibitor ALLN. Thus, appearance of the His-
SREBP-1c nuclear protein directly reflected proteolytic proc-
essing of nascent recombinant SREBP-1c. In this regard, it is
important to note that the behavior of a recombinant tagged
proteinmay not completelymimic that of the native protein. In
this case, however, the recombinant SREBP-1c behaved as one
would expect of the native protein, i.e. it intercalated into the
endoplasmic reticulum, associated with SCAP and COPII pro-
teins, and underwent ER to Golgi transport and proteolytic
cleavage. In contrast to the finding of enhanced proteolytic
processing of SREBP-1c in response to insulin treatment, proc-
essing of exogenously expressed full-length SREBP-2 was
enhanced by sterol depletion but not by insulin. Thus, SREBP-2
and SREBP-1c exhibit divergent regulation by sterol and insulin
in primary hepatocytes. This is consistent with previous in vivo
studies that showed distinct regulation of SREBP-2 and
SREBP-1c by altered sterol balance and fasting-refeeding (13,
48–50). The failure of insulin to stimulate proteolytic cleavage
of full-length SREBP-2 is also consistent with the reported
lack of effect of insulin depletion or of insulin replacement on
levels of nSREBP-2 in livers of streptozotocin-diabetic rats (16).
Furthermore, increased levels of nuclear SREBP-1c but not
SREBP-2were shown to be associatedwith fatty livers inmouse
models of hyperinsulinemia (12). This selectivity has been
attributed to differential transcriptional response of the pro-
moter regions of the different SREBP isoforms to nutritional
and hormonal stimuli (51). This study demonstrates that the
selective response of SREBP-1c to nutritional and hormonal
stimuli also reflects differences in post-translational process-
ing. We conclude that insulin selectively enhances SREBP-1c
processing and thereby fatty acid biosynthesis. This allows for
independent regulation of fatty acid and cholesterol biosynthe-
sis in response to varying dietary intake of carbohydrate, fat,
and cholesterol respectively. Our findings do not rule out the
possibility of cross-talk between the two pathways under cer-
tain dietary and hormonal conditions, however.
There are several possible mechanisms by which insulin

could enhance SREBP-1c processing. The binding of the SCAP-
SREBP complex toCOPII proteins is a key event in the export of
the nascent SREBPs from the ER. Our data show that insulin
treatment increased binding of SCAP-SREBP-1c with Sar1-
Sec23/24 complex, and the kinetics of this process were con-
cordant with enhanced processing of SREBP-1c. This increase
was not because of higher levels of SCAP or of Sec24 protein in
membranes of insulin-treated hepatocytes but rather indicate
increased affinity of the SCAP-SREBP-1c complex toward
COPII proteins and decreased affinity for the ER retention pro-
tein Insig. Insulin treatment reduces expression of Insig-2a, the
liver-specific isoform of Insig-2, in rat hepatocytes (52, 53),
which could result in increased release of SCAP-SREBP-1c
complexes for transport to the Golgi and proteolytic cleavage.
This work demonstrates that the acute effect of insulin to stim-
ulate processing of SREBP-1c occurs prior to a measurable
reduction in levels of Insig-2 mRNA (53), implying that mech-

anisms other than reduction in Insig-2a expression alone are
responsible for the acute effect of insulin. This explanation is
consistent with our data showing that cycloheximide did not
prevent insulin-stimulated SREBP-1c processing. On the other
hand, we cannot rule out an additional effect of reduced
Insig-2a expression in longer term regulation of SREBP-1c
processing under conditions of hyperinsulinemia.
Previous studies have indicated that the NH2-terminal tran-

scriptionally active fragment of SREBP-1c could be phospho-
rylated in vitro, and phosphorylation increased its stability and
transcriptional activity (30–32). For insulin to regulate ER to
Golgi transport of nascent SREBP-1c via this mechanism, full-
length SREBP-1c would also have to be subject to phospho-
rylation in the ER. We have demonstrated that full-length
SREBP-1c is, in fact, a phosphoprotein and furthermore that
insulin enhances the serine/threonine phosphorylation of full-
length SREBP-1c. The demonstration of phosphorylation of
nascent SREBP-1c in the ER is a novel finding and may have
important implications for regulating SREBP-1c processing by
insulin. For example, if phosphorylation of SREBP-1c by insulin
specifically alters the conformation of the SREBP-1c-SCAP
complex to allow its transport from ER to Golgi, this might
explain dissimilar regulation of SREBP-2-SCAP by insulin. In
support of the hypothesis that insulin-mediated phosphoryla-
tion of nascent SREBP-1c is an obligatory step in enhanced ER
toGolgi transport and proteolytic processing, we demonstrated
that inhibitors of both the key insulin signaling pathway PI3K
and its downstream kinase PKB/Akt effectively prevented both
insulin-induced serine phosphorylation of nascent SREBP-1c
and its proteolytic processing. The enhanced association of
SREBP-1c-SCAP complex with COPII proteins was also pre-
vented by inhibitors of PI3K and PKB/Akt. Thus the relation-
ship between phosphorylation of SREBP-1c precursor and its
processing could be demonstrated regardless of whether we
employed chemical inhibitors, molecular inhibitors, or immu-
nodepletion methods. The proposed mechanistic scenario was
bolstered by the observation that enzymatic dephosphorylation
of SREBP-1c in microsomes of insulin-treated hepatocytes
effectively reversed the effect of insulin to promote the associ-
ation of SCAP-SREBP-1c with COPII proteins.
In summary, we have presented several lines of evidence in

support of the hypothesis that insulin enhances ER to Golgi
transport of the SREBP-1c-SCAP complex via phosphorylation
of SREBP-1c as follows. 1) The temporal kinetics and magni-
tude of phosphorylation of full-length SREBP-1c and its proc-
essing were similar. 2) Inhibitors of both PI3K and Akt/PKB
concomitantly prevented insulin-mediated phosphorylation
and processing of SREBP-1c. 3) Immuno-depletion of PKB
from cytosol inhibited the enhanced phosphorylation and asso-
ciation of SCAP/SREBP-1c to COPII proteins by insulin. 4)
Alkaline phosphatase treatment of microsomal membranes
abolished the increased binding of SCAP/SREBP-1c to COPII
proteins in response to insulin treatment. Therefore, the proc-
ess of insulin-induced phosphorylation of SREBP-1c and
enhanced ER to Golgi transport and proteolytic processing
appear to be tightly coupled. Although our observations
strongly support the hypothesis that insulin enhances ER to
Golgi transport of SREBP-1c via phosphorylation of nascent
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SREBP-1c, the identities of the specific amino acids of nascent
SREBP-1c that are phosphorylated by insulin remains to be
defined.Thequestionofthespecifickinase(s)thatmediateinsulin-
dependent serine phosphorylation of the nascent SREBP-1c
remains partially answered. We have demonstrated that phos-
phorylation of nascent SREBP-1c is dependent upon at least
one of the downstream kinases, PKB/Akt, and that SREBP-1c is
phosphorylated by PKB in vitro. However, this does not elimi-
nate the possibility that insulin-mediated phosphorylation of
full-length SREBP-1c is mediated by kinases downstream to
PKB. Based on the kinases known to mediate insulin-induced
phosphorylation and the analysis of potential phosphorylation
sites of SREBP-1c, atypical protein kinase C and mammalian
target of rapamycin are candidate kinases for increased phos-
phorylation in response to insulin (37, 39, 54). Alternatively,
insulin may inhibit a serine phosphatase and prevent dephos-
phorylation of full-length SREBP-1c (55). Furthermore,
although SCAP does not appear to be a phosphoprotein, these
studies do not exclude the possibility that increased affinity of
the SCAP-SREBP-1c complex with COPII proteins may be
indirectly regulated by phosphorylation of another yet to be
identified protein(s). We conclude that the coordinated effect
of insulin on synthesis and post-translational processing of nas-
cent SREBP-1c allows for rapid delivery of transcriptionally
active nSREBP-1c to the nucleus in response to changes in
nutritional and hormonal status. Furthermore, enhanced post-
translational processing in response to chronic hyperinsuline-
miamay also serve as an additionalmechanism for the observed
dysregulation of hepatic lipogenesis and consequent overpro-
duction of triglyceride-rich lipoproteins, dyslipidemia, and
hepatic steatosis observed in hyperinsulinemic states, including
obesity and type II diabetes mellitus.
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